ABSTRACT
INTRODUCTION
Several thermally activated slip weakening mechanisms have been suggested in the literature to account for low frictional strength of faults during earthquake propagation: fl ash heating (Rice, 2006) , thermal pressurization (Sibson, 1973; Rice, 2006) , frictional melting (Spray, 2005; Hirose and Shimamoto, 2005; Di Toro et al., 2006) , gel formation (Goldsby and Tullis, 2002; Di Toro et al., 2004) , thermal decomposition (Han et al., 2007) , nanopowder lubrication (Han et al., 2010) , and elastohydrodynamic lubrications (Brodsky and Kanamori, 2001) . During rapid slip (> 0.1 m/s, depending on asperity size and weakening temperature), fl ash temperatures at highly stressed frictional microcontacts (asperities) can activate chemical reactions (production of mineral phases with low friction coeffi cient) and physical changes (grain-size reduction, release and pressurization of gas and/or supercritical fl uid) in the slip zone that may ultimately lower the friction coeffi cient, μ (Rice, 2006; Beeler et al., 2008) . The abrupt temperature rise due to frictional heating can also lead to the rapid thermal pressurization of fl uids trapped in the slip zone (Sibson, 1973; Rice, 2006) . This can increase the pore fl uid pressure P f , thereby reducing the effective normal stress σ n ′ = σ n -P f , leading to a reduction of the shear strength τ f = μ × σ n ′ of fault rocks for any given friction coeffi cient μ. Thermal pressurization mechanisms can operate on fl uids already present within the slip zone and on those released by reactions activated by frictional heating during slip, e.g., dehydration (Hirose and Bystricky, 2007; Brantut et al., 2008) and decarbonation reactions (Han et al., 2007 (Han et al., , 2010 Sulem and Famin, 2009) . Chemical decomposition reactions, due to frictional heating in slip zones, can produce nanoparticles that show a strong velocity weakening dependence (powder lubrication; Han et al., 2010) .
To investigate the dynamic weakening mechanisms activated during seismic slip in thermally unstable rocks, we performed 34 experiments at room temperature and humidity conditions with a high-velocity rotary shear friction apparatus (Hirose and Shimamoto, 2005) . We tested dolomite gouges of the Triassic Evaporites Formation in the Northern Apennines (Italy), the source of the A.D. 1997 Colfi orito Mw ≤ 6 earthquakes (Miller et al., 2004; Mirabella et al., 2008) . Seismic source parameters calculated from laboratory experiments on the selected gouges are compared with values obtained from seismic inversion analysis of the Colfi orito earthquakes (Tinti et al., 2005) .
EXPERIMENTAL RESULTS
Experiments were performed on fi ne-grained (≈100 μm) gouges of (1) pure dolomite, (2) partially decomposed dolomite, and (3) totally decomposed dolomite (Figs. DR1 and DR2 in the GSA Data Repository 1 ). A synthetic fault zone was created by sandwiching an ~1-mmthick gouge layer between two cylindrical (25 mm in diameter) gabbro host rocks. The specimen assemblage was confi ned by a Tefl on ring to limit gouge loss during the experiments (Mizoguchi et al., 2007) (Fig. DR2) .
The experiments were run at normal stresses ranging from 0.4 to 2 MPa, slip rates of 0.009-1.3 m/s, and displacements of 0.20-58 m, while monitoring CO 2 emission rates (Supplementary Data 1 in the Data Repository). For slip rates, v > 0.69 m/s, all gouge materials (Table DR1) 1 GSA Data Repository item 2011029, Supplementary Data 1 (CO 2 emission data), Supplementary Data 2 (microstructural observations of decomposed material), Supplementary Data 3 (CO 2 emission data, temperature rise, and slip weakening mechanisms), Figures DR1−DR3, and earthquakes, which nucleated in the same type of rocks tested in this study, and (2) suggests similar earthquake-scaling relationships, as inferred from existing seismological data sets. We conclude that dynamic weakening of experimental faults is controlled by multiple slip weakening mechanisms, which are activated or inhibited by physicochemical reactions in the slip zone.
display a dramatic reduction in shear strength τ f from initial peak values τ p to steady-state value τ ss , over a transient of distance D w according to a best-fi t exponential law (Fig. 1) . The D w is calculated as the displacement at which τ p − τ f is 95% of τ p -τ ss (Mizoguchi et al., 2007) . For v = 1.3 m/s, CO 2 emissions have been recorded since the transient stage during experiments on both dolomite and partially decomposed dolomite (Figs. 1A-1C ). Semiquantitative X-ray powder diffraction (XRPD) analyses of the entire thickness of the deformed dolomite gouge layer confi rmed the presence of variable amounts of Mg-rich calcite, portlandite, and periclase (i.e., the thermal decomposition products of dolomite when T > 550 °C; Fig. DR3 and Supplementary Data 2). When relatively small ( Fig. 1A ) (or absent; Fig. 1D ) amounts of CO 2 emissions have been recorded, a smooth decay trend of τ f has been observed. On the contrary, when large amounts of CO 2 emissions have been recorded, the dynamic shear strength displays a different decay trend as two distinct steady states are attained (Figs. 1B and 1C) . In these cases, a sharp increase in dynamic shear strength is suddenly observed for displacements larger than D w , resulting in the attainment of a second steady state, τ ss2 > τ ss1 (Figs. 1B and 1C) .
MICROSTRUCTURAL OBSERVATIONS
A set of experiments was performed on dolomite gouges at constant normal stress (σ n = 1.2 MPa) and slip rate (1.3 m/s) with different displacements d ( Fig. 2A ). All laboratorydeformed samples show the localization of slip at the gouge-host rock boundary, within thin slip zones (50-100 μm) formed by fi ne-to ultrafi ne-grained material ( Fig. 2A ; see inset). For d = 1.58 m < D w , a thin (few tens of microns) and discontinuous slip zone developed, characterized by patches of submicron-sized clasts (average grain size φ av = 500 nm; Figs. 2B and 2C). For d = 2.7 m < D w , a thicker (>50 μm) and continuous slip zone developed, characterized by a continuous band of submicron-sized clasts (φ av = 100 nm) and development of pervasive slip planes (Figs. 2D and 2E ). Thick slip zones (≥100 μm) developed for d ≥ D w . In this latter case, transmission electron microscopy observations show that the slip zone of the experimental samples is formed by a complex association of nanoparticles (φ av = 20 nm), giving rise in places to a compact, pore-free texture, with recurrent polygonalized boundaries (Fig. 2F) . Ring-shaped selected area electron diffraction patterns (see inset in Figure 3A shows the shear versus normal stress data for the entire set of experiments performed. The (lower) steady-state dynamic shear strength values τ ss1 show little dependence on the normal stress; on the contrary, the (higher) steady-state dynamic shear strength values τ ss2 increase for increasing σ n (Fig. 3A) . This can be explained for d >> D w by the increase of the effective normal stress σ′ n = σ n -P f , if pressurized CO 2 escapes from the localized slip zone and P f is reduced, resulting in τ ss2 = μ ss (σ n -P f2 ) > τ ss1 = μ ss (σ n -P f1 ) for P f1 > P f2 . For d ≤ D w , the Tefl on ring seal and the permeability of the host rock and gouge layer may limit the CO 2 emission rates; for larger displacements (d >> D w ), the CO 2 emission rates keep increasing as the CO 2 pressure within the gouge layer may largely overcome the confi nement exerted by the Tefl on ring (Figs. 1B and 1C) . In the absence of direct measurements of P f during the experiments, we favor the former interpretation based on the following observations: (1) the attainment of two steady states was never observed during experiments where there were no CO 2 emissions ( Fig. 1 ; Table DR1 ); (2) overall, when plotted on a τ versus σ n diagram, the τ ss1 values show a weak or absent dependence to σ n . The latter case would be expected if the effective normal stress principle applied (Fig. 3A) . Following our interpretation of the data plotted in Figure 3A , thermal pressurization contributed to dynamic weakening during the transient stage of frictional strength decay. However, thermal pressurization was not the only dynamic weakening process in operation during our experiments, as similar weakening trends have been observed for experiments where CO 2 emissions were not signifi cant (Fig. 1A) or absent (Fig. 1D) .
DISCUSSION
The frictional strength of experimental faults is velocity dependent as dynamic friction coeffi cient μ ss decreases, with increasing velocity, from peak values of μ p ≈ 0.8, in the Byerlee's range, to very low values of μ ss ≈ 0.1, according to a best-fi t power law (Fig. 3B) . The integration of CO 2 emission data and temperature rise calculations (Supplementary Data 3) shows that the slip zone bulk temperature is too low to initiate the dolomite and Mg-calcite thermal decomposition reactions (Fig. 3B) . This implies that during the transient stage, fl ash temperature rise (Rice, 2006) above the value necessary to activate the thermal decomposition of dolomite (T = 550 ºC) has been locally reached at highly stressed frictional microcontacts (Fig. 3B) . Flash heating processes will produce reaction products, i.e., Mgcalcite + periclase and lime + periclase, which have very low dynamic frictional strength at our experimental conditions (Figs. 1C and 1D ). The integration of mechanical, microstructural, and XRPD analyses suggest that during the transient stage (d < D w ) the most likely and dominant weakening mechanisms to operate were fl ash heating and thermal pressurization. During the transient stage, the production of nanoparticles in the slip zone, due to shear heating-activated mechanical and chemical processes, may also have contributed to reduce the frictional strength of the tested material (Han et al., 2010) ; although our microstructural observations show that a continuous layer of sheared nanoparticles will only develop when d approaches D w (Fig. 2) .
During the attainment of the fi rst steady state, τ ss1 for d > D w , dynamic weakening should mostly be controlled by velocity dependent nanoparticle lubrication processes and thermal pressurization. In fact, fl ash temperature rise of T = 550 ºC, at our experimental conditions, can only be maintained in those portions of the slip zone where grain size is above a critical contact dimension for which v > v w (Fig. 3C) , where v w is the critical weakening velocity for the operation of fl ash heating processes (Rice, 2006; Beeler et al., 2008) . Microstructural observations show that when d approaches D w , a continuous layer of nanoparticles is developed in the slip zone (Fig. 2) ; here fl ash-heating processes would signifi cantly reduce as v < v w (Fig. 3C) . During the attainment of the second steady state, τ ss2 for d >> D w , when fl uids could escape the slip zone, dynamic weakening should mostly be controlled by velocity-dependent nanoparticle lubrication processes. Han et al. (2010) proposed that nanomaterials possess a strong velocity weakening behavior.
The seismic source parameters D w and breakdown work W b (i.e., the energy that controls the dynamics of a propagating fracture; Tinti et al., 2005) for room humidity and saturated and partially decomposed dolomite, respectively, have been calculated from the experimental data (Figs. 4A and 4B) . At seismic slip rates of 1.3 m/s, D w decreases with increasing normal stress according to a power law least squares best-fi t equation (Fig. 4A ) and are not dependent on fi nal amount of slip. Experimental D w values are slightly higher than those obtained from dynamic modeling of the seismological data of the Colfi orito earthquakes ( Fig. 4A ; Tinti et al., 2005) , which nucleated in the same rocks tested in this study (Mirabella et al., 2008; De Paola et al., 2008) . When extrapolated at seismogenic depths (σ n = 20-90 MPa), experimental D w data are well within the range of seismological values (0.3-1 m), suggesting that scales of observations between experimental measurements and seismological modeling match (Fig. 4A) (Tinti et al., 2005) (Fig. 4B) . The best fi t to W b data, when plotted versus the slip weakening distance D w , is given by a power law relationship (Fig. 4B) . This is similar to that inferred from seismic inversion analyses of seismological data for well-studied moderate to large earthquakes (Rice, 2006) , including the Colfi orito earthquakes, that assumed frictional strength decay with slip similar to our experimental data. These results suggest that independently derived experimental and seismological data point to the same type of earthquake scaling relationship. Experimental results imply that very large dynamic stress drops, of ~100 MPa, should be observed in natural earthquakes, in contrast to dynamic stress drops inferred from dynamic ground motion, which are only a few megapascals (Kanamori, 1994) . This apparent paradox can be explained by assuming that the initial fault stress level can be far lower than the stress required to initiate slip, except at small patches of the fault at which rupture nucleates (Rice, 2006) .
CONCLUSIONS
Experimental results show that the dynamic weakening of faults during a seismic event that propagates in thermally unstable rocks is controlled by the superimposition of multiple slip weakening mechanisms (e.g., fl ash heating, thermal pressurization, nanoparticle lubrication), some of which are still poorly understood (e.g., nanoparticle lubrication). During the transient decay of frictional strength from peak μ p ≈ 0.8, in the Byerlee's range, to very low steadystate values, μ ss ≈ 0.1, dynamic weakening is attained through the activation and inhibition of one or more of these mechanisms. During natural earthquake propagation, the activation and deactivation of such processes can either arrest or facilitate rupture propagation.
The seismic source parameters (D w and W b ), calculated from the experimental results, are very close to those estimated from seismic inversion analysis for the 1997 Colfi orito earthquakes (Tinti et al., 2005) , which propagated in the same rocks tested in this study and were characterized by CO 2 fl ux of crustal origin measured in the epicentral area after the main events (Italiano et al., 2008) . Experimentally derived seismic source parameters suggest that (1) W b scales with D w according to a power law, in a fashion similar to that inferred from existing seismological data sets; and (2) seismogenic faults may operate at low overall stress levels apart from localized and highly stressed patches where earthquakes nucleate. 
